We demonstrate that semiconductor nanorods can be used to fabricate readily processed and efficient hybrid solar cells together with polymers. By controlling nanorod length, we can change the distance on which electrons are transported directly through the thin film device. Tuning the band gap by altering the nanorod radius enabled us to optimize the overlap between the absorption spectrum of the cell and the solar emission spectrum. A photovoltaic device consisting of 7-nanometer by 60-nanometer CdSe nanorods and the conjugated polymer poly-3(hexylthiophene) was assembled from solution with an external quantum efficiency of over 54% and a monochromatic power conversion efficiency of 6.9% under 0
The widespread expansion in the use of inorganic solar cells remains limited due to the high costs imposed by fabrication procedures involving elevated temperature (400°to 1400°C), high vacuum, and numerous lithographic steps. Organic solar cells that use polymers which can be processed from solution have been investigated as a low-cost alternative with solar power efficiencies of up to 2.5% (1) . Nonetheless, conventional inorganic solar cells routinely exhibit solar power conversion efficiencies of 10%, and the most advanced, but also the most expensive models, can reach up to 30% efficiency (2) . The main factor for the superior efficiency of inorganic over organic devices lies in the high intrinsic carrier mobilities that exist in inorganic semiconductors. Higher carrier mobilities mean that charges are transported to the electrodes more quickly, which reduces current losses via recombination. For many conjugated polymers, electron mobilities are extremely low, typically below 10 Ϫ4 cm 2 V Ϫ1 s Ϫ1 , due to the presence of ubiquitous electron traps such as oxygen (3) . Therefore, polymer photovoltaic (PV) devices rely on the introduction of another material for electron transport. The presence of a second material also provides an interface for charge transfer. Compounds such as small conjugated molecules, therefore, have been blended with polymers at a concentration that enables the formation of percolation pathways for electron transport (1, 4 -6) . The efficiency of these devices is limited by inefficient hopping charge transport (7), and electron transport is further hindered by the presence of structural traps in the form of incomplete pathways in the percolation network (6) .
One way to overcome these charge transport limitations is to combine polymers with inorganic semiconductors. Charge transfer is favored between high electron affinity inorganic semiconductors and relatively low ionization potential organic molecules and polymers (8, 9) . Charge transfer rates can be remarkably fast in the case of organics that are chemically bound to nanocrystalline and bulk inorganic semiconductors, which have a high density of electronic states (10) . Because of the nanoscale nature of light absorption and photocurrent generation in solar energy conversion, the advent of methods for controlling inorganic materials on the nanometer scale opens new opportunities for the development of future generation solar cells. Therefore, we have used colloidal semiconducting nanorods as the inorganic phase in the construction of these solar cells via solutionphase nano-assembly. By varying the radius of the rods, the quantum size effect can be used to control the band gap; furthermore, quantum confinement leads to an enhancement of the absorption coefficient compared with the bulk, such that devices can be made thinner (11) . One-dimensional (1D) nanorods are preferable to quantum dots or sintered nanocrystals in solar energy conversion, because they naturally provide a directed path for electrical transport. The length of the nanorods can be adjusted to the device thickness required for optimal absorption of incident light.
We have established recently that both diameter and length of colloidal semiconductor nanorods of CdSe can be systematically varied to aspect ratios above 20 and lengths greater than 100 nm using a solution phase synthesis at temperatures below 300°C (12, 13) . Here, CdSe nanorods were combined with the conjugated polymer poly (3-hexylthiophene) (P3HT) (Fig.  1A) to create charge transfer junctions with high interfacial area. From the schematic energy level diagram for CdSe nanocrystals and P3HT, it can be seen that CdSe is electronaccepting and P3HT is hole-accepting (Fig.  1B) . CdSe is used as the electron transport material, whereas P3HT is an effective hole transport material in its regioregular form, demonstrating the highest field effect hole mobilities observed in polymers so far [reaching up to 0.1 cm
The mechanical properties of P3HT allow for the room-temperature solution-casting of uniform, flexible thin films. However, dispersing the inorganic nanorods at high density with- in P3HT to facilitate charge transfer is a challenge because the complex surface chemistry of the nanocrystals can limit its solubility in the polymer. In Fig. 2 , nanocrystals of 7 nm diameter and various lengths of up to 60 nm are shown. As nanocrystals increase in aspect ratio from spherical to rod-like, they move from the molecular regime closer to the realm of a 1D wire and they become less readily soluble. Although we can control microphase separation and aggregation for low-aspect ratio CdSe nanocrystals dispersed in polymers (Fig. 3A) , the performance of the resulting PV device is limited by inefficient hopping electron transport (15) . In order to accommodate high-aspect ratio nanorods, we developed a solvent mixture consisting of a good solvent and ligand for CdSe nanorods and a good solvent for the polymer. Nanorods were co-dissolved with P3HT in a mixture of pyridine and chloroform and spin-cast to create a uniform film consisting of dispersed nanorods in polymer (Fig. 3B ) (16) . We show that by controlling the aspect ratio of CdSe nanorods dispersed in P3HT, we can tailor the length scale and direction of electron transport through a thin film PV device.
We fabricated an efficient inorganic-organic hybrid solar cell by spin-casting a solution of 90% by weight (90 wt %) CdSe nanorods in P3HT onto an indium tin oxide glass substrate coated with poly(ethylene dioxythiophene) doped with polystyrene sulfonic acid (PEDOT: PSS, a conducting polymer) with aluminum as the top contact (Fig. 1C) . With CdSe nanorods 7 nm by 60 nm, a power conversion efficiency of 6.9% was obtained under 0.1 mW/cm 2 illumination at 515 nm inside an inert atmosphere of flowing argon. For plastic PV devices, this monochromatic power conversion efficiency is one of the highest reported (1) . At this intensity, the open-circuit voltage is 0.5 V, the photovoltage at the maximum power point is 0.4 V, and the fill factor (FF) is 0.6 ( (Fig. 4C) (17) . The maximum open-circuit voltage is determined by the difference between the work functions of the electrodes, PEDOT:PSS, and aluminum, as well as the difference between the lowest unoccupied energy level in the CdSe nanorod and the highest occupied energy level in P3HT. This difference is close to what we obtained at solar intensity.
Because CdSe and P3HT have complementary absorption spectra in the visible spectrum, these nanorod-polymer blend devices have a very broad photocurrent spectrum extending from 300 to 720 nm (Fig. 4A) . Unlike other electron acceptors such as C 60 in organic blend devices and sintered TiO 2 in dye-sensitized solar cells, CdSe nanorods absorb a large part of the solar spectrum (1, 19) . Furthermore, the absorption spectrum of the hybrid devices presented here can be tuned by altering the diameter of the nanorods in order to optimize the overlap with the solar emission spectrum (Fig.  4D) . The onset of absorption for 60-nm-long nanorods with 3 nm diameter is at a wavelength of 650 nm, whereas the onset for those with 7 nm diamter is at 720 nm. Because P3HT shows no absorption beyond 650 nm, we can tune the onset of the photocurrent action spectrum from 650 to 720 nm by increasing the diameter of the nanorods while maintaining a constant length. The characteristics of these two devices, such as Fig. 3 . Thin films of 20 wt % (A) 7 nm by 7 nm and (B) 7 nm by 60 nm CdSe nanocrystals in P3HT were studied via transmission electron microscopy. In (C), a TEM of a cross section of a film with 60 wt % 10 nm by 10 nm CdSe nanocrystals in P3HT reveals the distribution and organization of nanoparticles across the 110-nm-thick film. A solution of CdSe in P3HT was spin-cast onto a Polybed epoxy substrate (Ted Pella, Redding, CA) and we used an ultramicrotome to obtain ultrathin cross sections. In (D), a TEM of a cross section of a 100-nm-thick film consisting of 40 wt % 7 nm by 60 nm CdSe nanorods in P3HT reveals that most nanorods are partially aligned perpendicular to the substrate plane. The solutions were cast onto an Epon/Aradite epoxy substrate (Ted Pella), embedded into epoxy, cured, and sliced using an ultramicrotome. This extra support is required to slice the nanorods with the microtome, because the blend film has a tendency to tear as the rods get longer. We can understand the origin of the high efficiency of nanorod-polymer devices by studying the dependence of charge transport on nanorod length. The external quantum efficiency (EQE), which is the percentage of electrons collected per incident photon (with no correction for reflection losses), can be used as a measure of the efficiency of charge transport given that the following quantities are comparable for a set of devices: (i) incident light intensity; (ii) fraction of light absorbed; (iii) charge collection efficiency at the electrodes, which is mainly given by the choice of electrodes; and (iv) the charge transfer efficiency, as determined from photoluminescence quenching. These four conditions are met for the devices for which EQE data are presented in Fig. 4A . Therefore, we can conclude that as the aspect ratio of the nanorods increases from 1 to 10, the charge transport must improve substantially to yield an EQE enhancement by a factor of approximately 3. In networks consisting of shorter nanoparticles, electron transport is dominated by hopping and, in those consisting of longer particles, band conduction is prevalent. In a cross section of the blend film (Fig. 3D) , most nanorods were oriented partly in the direction of the electric field and, thus, in the direction of electron transport. Because the thickness of the nanorod-polymer film is ϳ200 nm, 60-nm-long nanorods can penetrate through a large portion of the device whereas 30-nm and 7-nm-long particles are progressively less effective (Fig. 3C) . The best device, which contained 7 nm by 60 nm nanorods, performed with a maximum EQE of 55% under 0.1 mW/cm 2 illumination at 485 nm (Fig. 4A) , and this value has been remarkably reproducible (20).
In order for plastic nanorod devices to achieve typical power conversion efficiencies of conventional inorganic solar cells, it is necessary to reduce charge recombination, which decreases the EQE and the FF at solar light intensities. An increase in carrier mobilities would realize this by decreasing the carrier concentration within the device. Further enhancement of carrier mobilities can be accomplished by improving the nanocrystal-polymer interface to remove nanorod surface traps, aligning the nanorods perpendicular to the substrate, and further increasing their length. Probing the lowest energy configuration of a complex system by quantum annealing was recently found to be more effective than its classical, thermal counterpart. By comparing classical and quantum Monte Carlo annealing protocols on the two-dimensional random Ising model (a prototype spin glass), we confirm the superiority of quantum annealing relative to classical annealing. We also propose a theory of quantum annealing based on a cascade of LandauZener tunneling events. For both classical and quantum annealing, the residual energy after annealing is inversely proportional to a power of the logarithm of the annealing time, but the quantum case has a larger power that makes it faster.
The annealing of disordered and complex systems toward their optimal (or lowest energy) state is a central problem in statistical physics. The unknown ground state of a system can be approximated by slow-rate cooling of a real or fictitious temperature: The slower the cooling, the closer the approximation gets to the optimal solution (1, 2) . Although this kind of standard classical annealing (CA) has been extensively investigated over the last two decades (1-3) and is routinely used in a variety of technological applications, such as chip circuitry design, any improved optimization algorithm would certainly be of enormous value.
Recent results on the spin 1 ⁄2 disordered Ising ferromagnet LiHo 0.44 Y 0.56 F 4 (4, 5) suggested that quantum annealing (QA) works better than CA. In QA, temperature is replaced by a quantum mechanical kinetic term; in the specific case, this term is a transverse magnetic field, ⌫, mixing the up and down spin states at each site. Initially the quantum perturbation starts out so large in magnitude as to completely disorder the system even at zero temperature. When the transverse field is subsequently re-
